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Abstract

As the population and infrastructure along the US East Coast increase, it becomes increasingly
important to study the characteristics of tropical cyclones that can impact the coast. A recent study
shows that the propagation speed of tropical cyclones has slowed over the past 60 years, which
can lead to greater accumulation of precipitation and greater storm surge impacts. The study
presented herein is meant to examine and analyze the relationships that exist between the
propagation speed of tropical cyclones, their surface wind strength, displacement angles, and
cyclone averaged winds. This analysis is focused on tropical cyclones spanning from 1950-2015
in the North Atlantic. We first confirm with other research that the temporal trends of intensity of
tropical cyclones do not show a consistent temporal signal over the entire record. This
inconsistency may be due to the lack of data in the era before satellite-retrieved weather data was
readily available. A correlation analysis is applied for the propagation speed versus intensity of
cyclone to examine which height of the wind best affect the cyclone propagation. The results show
a strong positive correlation between propagation speed and cyclone averaged wind at 700-hPa
with a size of 150 km radius away from storm center, especially when the cyclone moves eastward.
To aid in the study of the movement of cyclones, a new metric is developed: the displacement
angle analysis of cyclone paths. This metric examines the abrupt change of angles for each
successive two instance cyclones, and the time series of displacement angle analysis shows a
significant increasing trend due to the high frequency of top 10% events in recent decades. This
research highlights an interesting question about the trends in tropical cyclones over the past 60
years related to the subtle differences in the behavior of the propagation speed and its wind strength.
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1. Introduction
A tropical cyclone (TC) is a rapidly rotating storm system with strong wind, characterized by a
low-pressure center. Tropical cyclones are one of the most damaging and expensive natural
disasters that regularly affect the East Coast of the United States. An important question for science
and society is: Will the effects of anthropogenic climate change can lead to an increase in tropical
cyclone hazards? Previous studies have shown that there has been increased destruction associated
with Atlantic hurricanes in the past few decades (Ting M et al., 2019, Emanuel K et al., 2015,
Villarini G et al., 2012).

The intensity of a TC, at any fixed time, is defined in terms of sustained surface wind speed at a
single location in the TC. Modeling studies suggest that the intensity of TC will increase as sea
surface temperature (SST) continue to rise and greenhouse gas continues to warm the climate
(Bengtsson L et al., 2007, Emanuel K et al., 1987, Sobel A et al., 2016, Knutson TR, et al.,
2010) However, the trend analysis on the intensity of historical data for tropical cyclones was not
confidently examined. The longer-term observation on the intensity of TC has uncertainty in the
data, which is partly due to the lack of long reliable historical hurricane data (Weinkle et al., 2012,
Vecchi, G et al., 2011, Kossin, J. P. et al. 2017, Yamaguchi M. et al, 2020). One reason for
complicating long-term trends on the intensity of TC is the advent of satellite technology in the
1970s，which made it possible to more consistently track tropical cyclones. Hence, storm counts
and strength measurements from before to the 1970s are less consistent. Although there are
different ways to define the intensity of TC, people continue to debate whether or not the intensity
of TC is getting more extreme in recent years. According to the historical record research studies,
Elsner suggests that Atlantic TC has 30 years of increasing quantile regression trend from 1981 to
2006 (Fig. 1.1, Elsner, J et al., 2008) while others show a long-term (five decades 1944 -1995)
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downward trend in the frequency of intense hurricanes as well as the mean maximum intensity
(Fig. 1.2, Landsea et al., 1996). This idea brings the interest to study the trend of intensity of TC
in a time series scale.

(Elsner, J et al., 2008)

(Landsea et al., 1996)

Fig. 1.1 | The box plots by year of the satellite-derived tropical cyclone lifetime-maximum wind
speeds. Where trend lines are shown for median, 0.75 quantile (blue), and 1.5 times the
interquartile range. (Elsner, J et al., 2008)

Fig. 1.2 | Time series of Atlantic basin intense hurricanes (dark bars) and weaker cyclones (grey
bars) for 1944-1995. Intense hurricanes are those cyclones that attain sustained surface winds of
at least 50 𝑚𝑠 −1 at some point in their life cyclone. The superimposed lines are the linear best fits
for the intense hurricanes and for the total number of cyclones. (Landsea et al., 1996)

The TC's track affects its hazards. One of the most obvious examples is the destruction along the
tracks and the travel time when it makes its way across the landfall. In addition to the study of
intensity, the propagation speed of TC has become an increasingly important factor that may
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elevate the potential tropical cyclone hazards. A recent study shows that the observation on the
propagation speed of TC has decreased globally by 10 percent in the past 68 years from 1949 to
2016, especially a 20% reduction in the North Atlantic Basin (Fig. 1.3 & Fig. 1.4, Kossin et al.,
2018). In Kossin et al. (2018), the downward trend in propagation speed was implicitly related to
the weakening of tropical circulation forced by anthropogenic warming.

(Kossin et al., 2018)
Fig. 1.3 | Time series of annual-mean of global tropical cyclone propagation speed and linear trend.
The period of the time series is 1949-2016. Gray shading indicates the two-sided 95% confidence
bounds of the trends. Each data point is the annual mean for propagation speed. (Kossin et al.,
2018)

Fig. 1.4 | Time series of annual-mean of North Atlantic tropical cyclone propagation speed and
linear trends for both over water and over land. The period of the time series is 1949-2016. Gray
shading indicates the two-sided 95% confidence bounds of the trends. Each data point is the annual
mean for propagation speed. (Kossin et al., 2018)
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The propagation speed of TCs is one of the important features because the slower TCs move, the
longer is their influence time in a confined region, and the greater is the impact of severe weather
events associated with TCs such as heavy precipitation and strong wind. (Yamaguchi M. et al.,
2020, Emanuel K et al., 2017, Hall et al., 2019, Wiel A. et al., 2017) For example, a stalling TC
inflicts strong winds on the same region for a longer period of time, potentially driving greater
storm surge and depositing more precipitations. (Hall et al., 2019) When compared to extratropical
cyclones, hurricanes are more likely to cause some of the strongest storm surge events in the MidAtlantic and Northeast Coast of the United States (Booth et al., 2019). Therefore, understanding
the relationship between tropical cyclone intensity and tropical cyclone propagation speed has
become very important.

In this research, we look into tropical cyclones in terms of intensity and propagation speed；study and
analyze the trend. And then try to find out if there is a relationship between these two variables. This
research highlights an interesting question about the trends in tropical cyclones over the past 60 years related
to the subtle differences in the behavior of the propagation speed and its wind strength.
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2. Data and Methodology
This analysis uses Lagrangian cyclone track data and reanalysis produces to examine tropical
cyclones in the North Atlantic.

Lagrangian track data used in this analysis for tropical storms come from the North Atlantic
tropical storm database, spanning from 1950 to 2015 (HURDAT2, Landsea and Franklin, 2013).
The dataset provides the latitude, longitude, maximum surface wind strength (Wmax), and storm
class designation. Based on the storm class designation, we remove tropical depressions from our
HURDAT2 dataset. There is other information about the storms included in the dataset as well,
however they are not used in this study. Forecasters at the National Hurricane Center identify
cyclone centers as local minima in sea level pressure (SLP) and then link the centers in time to
make tracks – this is the initial data used to generate HURDAT. Then, the data is quality controlled
and adjusted for continuity (Landsea and Franklin, 2013). The cyclone data is usually 6-hourly,
however, for some storms there is information at sub-6-hourly intervals. To match the data with
reanalysis, we only use the data at 0Z, 6Z, 12Z and 18Z.

The reanalysis used in this study is a combination of two reanalysis products. ERA-20CM
(Hersbach et al. 2015) is used for the years 1950 – 1978. ERA-Interim (Dee et al. 2011) is used
for the years 1979 – 2015. This approach of stitching two reanalyses together is required because
ERA-Interim begins in 1979, while ERA-20CM ends in 2010. For the period of overlap (1979 –
2010), the two reanalyses give similar results for the type of analysis presented here (Towey et al.
2018).
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The reanalysis provides the background information within the cyclone that HURDAT2 does not
include, such as the different levels of the horizontal wind. For each 6-hourly instance cyclone is
matched up with the reanalysis dataset by the storm center positions and the time of the storm at
that location. The variables used in this analysis are: [Wind speed at 10 meters above the surface
(WSPD10m), wind speed at the pressure level of 925-hPa (WSPD925), wind speed at 700-hPa
(WSPD700), wind speed at 500-hPa (WSPD500), and wind speed at 300-hPa (WSPD300)]. In
order to study the strength of the wind field near the storm center, we use an area-weighted average
method to compute the area-weighted average of wind speed, which are averages for the area
within a fixed radius around the cyclone center. This is what we define as the cyclone averaged
wind. These cyclone averaged winds have a size of different radii of 150 km, 300 km, 450 km and
600 km away from the storm center.

Throughout the paper, cyclones are referred to individual 6-hourly snapshots, while the cyclone
track is referred to the entire life cycle of the individual TC.

The movement of a TC from one place to another is known as TC propagation. Propagation speed
is computed as the distance between successive 6-hourly storm center latitude-longitude positions
divided by 6 hours. To calculate the distance, we apply the great circle distance formula to calculate
the distance in kilometers between two TC storm center latitude-longitude positions.

𝛥𝜎 = 𝑎𝑟𝑐𝑐𝑜𝑠(𝑠𝑖𝑛𝜙1 𝑠𝑖𝑛𝜙2 + 𝑐𝑜𝑠𝜙1 𝑐𝑜𝑠𝜙2 𝑐𝑜𝑠(𝛥𝜆))
Let 𝜆1 , 𝜙1 and 𝜆2 , 𝜙2 be the geographical longitude and latitude in radians of two points 1 and 2,
and 𝛥𝜆,𝛥𝜙be their absolute differences (Wikipedia).
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Linear regression statistics: Linear regression as its name implied, defined the relation of variables
in a linear pattern. In a simple linear regression model, we have two variables: x and y, where x is
the explanatory variable or so-called predictor and y is the response variable; x and y variables are
also referred to as the independent variable and dependent variable. To build a linear regression
model, we usually put our dataset in a scatter plot where each data point must correspond to the yvalue in the y-axis and x-value in the x-axis. And then, we try to find a straight line going through
the data points where SSE (Sum Square Error) is minimized. The error also called residual is
calculated as the difference of actual y value and our prediction on y with a given x value, SSE is
the sum of the squared error of every single point. This best-fit line is our linear regression model
and the general formula is written as ŷ = 𝑎𝑥 + 𝑏 where ‘a’ and ‘b’ are constants where ‘a’
indicates the slope and ‘b’ is the y-intercept. In more common words, ‘a’ indicates the value
increases in y-value as x-value increases one-unit, ‘b’ indicates the y-value when x-value equals
to zero. For analysis of significant of trend, we set a two-sided confident level to be 95%.
1) ŷ = 𝑎𝑥 + 𝑏
2) 𝑎 =

𝑥) (𝑦i−ȳ)
𝛴(𝑥i−𝑥) 2

𝛴(𝑥𝑖−

3) 𝑏 = ȳ + 𝑚 ∗ 𝑥

In linear regression, there is another indicator called the correlation coefficient which describes
the direction and strength of the linear association of the variables. Correlation coefficient denotes
an ‘r’ is a range from -1 to +1 where the negative and positive sign indicates the direction of the
trend and as | r | (absolute value of r) closer to 1 the stronger the correlation is. One thing we need
to be aware of is that correlation can be greatly affected by outliers thus showing misleading
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information when examining the dataset. R-squared is often used to evaluate the model, calculated
as r2 range from 0 to 1 indicates the portion of the variance in y that can be explained by the
variance in x, with 1 means 100% and 0 means 0%, the higher the r-squared is, the more accurate
the model should be. Similar to r, r-squared is also sensitive to outliers. When using R-squared,
we have to keep in mind that high r-squared is not always a good thing, over-fit models or other
undesirable situations may also lead to high r-squared. With given two variables x and y, the
Pearson correlation coefficient (r) formula defined as following:

To study the track directions, a displacement angle method is applied to measure the “wiggling”
of TC tracks. 𝐴𝑛𝑔𝑙𝑒 (𝜃) is computed between two successive 6-hourly storm center latitudelongitude position by using trigonometric function 𝑎𝑟𝑐𝑡𝑎𝑛(𝜃) = 𝑦/𝑥, where 𝑦 is the vertical
distance and 𝑥 is the horizontal distance. The distance in two directions is also calculated by the
great circle distance formula between two consecutive longitude and latitude storm centers. After
calculating two consecutive angles, the absolute difference between 𝜃1 and 𝜃2 is the displacement
angle (𝛥𝜃). This method measures how much the angle for a cyclone can deviate from the previous
cyclone along the track.

The method for separating TC tracks uses the algorithm of determining the cutting point where it
is the most west latitude-longitude position of the cyclone of the entire track. Normally, TC is
embedded within the global winds and large-scale high and low-pressure systems. The clockwise
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rotation in the Northern Hemisphere of air is associated with a high-pressure system of the cause
that most TCs in North Atlantic tend to move east to the north-west from the subtropics, and then
recurve back to the east in the later life cycle. Based on these tracks' behavior, if we are able to
determine the cutting point, we can separate these TC into two groups of data, one group for TCs
that travel westward direction and another group for eastward direction. In addition, for TCs that
only move west and decay before recurving back to the east, we also consider these TC tracks are
part of westward directions. The same analysis applies to the eastward.

3. Results
3.1 Intensity: In this study, we examine the intensity of TC by using the maximum wind speed
(Wmax). Wmax is the maximum wind speed measured at 10 meters above the surface. For each
6-hourly instance cyclone, a Wmax speed is obtained and calculated near the storm center. More
than that, Wmax is from HURDAT2 data instead of reanalysis. To study the intensity of TC, we
calculate the maximum of Wmax speed for each individual hurricane and then averaged with all
other hurricanes within the same year. For this trend analysis, we compute an annual mean time
series of Wmax speed, which is the peak of Wmax speed for each entire life cycle for hurricanes
from 1950 to 2015. Results from Fig.4.1 panel a, shows no trend for the annual mean of the peak
Wmax speed for the years 1950 to 2015. With this result, we recall the previous studies that the
longer-term observation on the intensity of TC has some uncertainty, which is partly due to the
lack of long reliable historical hurricane data (Weinkle et al., 2012, Vecchi, G et al., 2011, Kossin,
J. P. et al. 2017, Yamaguchi M. et al., 2020). Therefore, to better examine this trend study, we
separated the time series into two by the year of 1970 because this is the year when satellites got
involved to help detect and collect data about tropical cyclones. After the separation of time series,
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we have computed the annual mean of hurricane intensity for the pre-satellite era (1950-1970) and
post-satellite era (1970-2015). Fig.4.1 panel b, shows the annual mean of TC intensity in the presatellite era has a decreasing slope with p-value 0.35 while the post-satellite era has an increasing
slope with p-value 0.13. Both trends are not significant at a two-sided 95% confidence level due
to the p-value that is not lower than significant value 0.05. These results show TC data is not
consistent due to the fact that the advent of satellite technology in the 1970s, which further
complicates the study of long-term trends.

To confirm these results and analysis, we compare the figures we generated from using HURDAT2
data to National Hurricanes Center (NHC) for the years 1964 and 1968. We choose 1964 because
it is the year with the maximum annual mean, while 1968 is the minimum. Results from Fig. 4.2
show that the tracks data and calculations for these two years are consistent with the National
Hurricane Center (NHC). Therefore, after double-checking our data and calculation, we assume
the rest of the annual means are consistent with the annual mean from the years of 1964 and 1968.
In conclusion, trend analysis on time series of Wmax depends on the detection of cyclone tracks
and how reliable the data is.

3.2 Cyclone averaged wind: Another method we use to examine the intensity of TC is through
cyclone averaged wind, the area-weighted average of wind speed from the reanalysis data
(Hersbach et al. 2015, Dee et al. 2011). To understand the differences between Wmax speed and
the cyclone averaged wind, we test the correlation between these two types of wind speed. For
comparison, Wmax is tested with the cyclone averaged wind with 150 km away from the storm
center at different atmospheric levels such as WSPD10m, WSPD925, WSPD700, WSPD500,
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and WSPD300. For the results in Fig. 4.3, the Pearson correlation coefficients indicate that
Wmax has a certain correlation with cyclone averaged wind speed. Since Wmax is the
maximum wind speed measured at 10 meters above the surface, it is highest correlated with
WSPD10m, followed by WSPD925, WSPD700, WSPD500, and WSPD300. These results show
that the higher the level of the cyclone averaged wind above the surface, the less likely correlated
with Wmax. In addition, as we increase the area of wind speed within the center from radii 150
km to 600 km, correlation tends to decrease as well.

3.3 TC propagation speed: Propagation speed measures how fast a TC can travel from one place
to another. A recent study shows that the tropical cyclone's translation speed has decreased globally
by 10 percent over the period 1949-2016, especially a 20% reduction in the North Atlantic Basin,
this idea implicitly related to the weakening of tropical circulation forced by anthropogenic
warming (Kossin et al., 2018). The slowing down of the propagation speed can elevate potential
hazards with depositing more precipitation especially in the coastal area (Hall et al., 2019).

In this study, we compute the annual-mean 6-hourly rate of propagation speed and average of
propagation speed along the entire life cycle of TC (Fig. 4.4). In other words, all TC propagation
speeds are averaged for each year. Linear regression models and ANOVA summary tables are
applied to examine the significance of the trend. Results agree with Kossin et al. (2018) on TC
speed, but with a less significant trend. The linear regression line shows a weak decreasing trend,
which is not significant at a two-sided 95% confidence level when p-value=0.281. With
propagation speed calculation, we can test the correlation of propagation speed to the intensity of
TC to understand how tropical cyclone hazards related to its propagation speed. Results from Fig.
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4.5 shows that there is a not a linear pattern between Wmax speed with propagation speed, implies
that the slower TCs are not necessarily the most intense. Additionally, we separate the cluster into
two that are westward tracks and eastward tracks (Fig. 4.13). The scatter plot of propagation speed
versus Wmax for westward and eastward cyclone tracks. This figure shows that when TCs move
slow, they have the potential to be the least intense or the most intense; while when TCs move fast,
the intensity is more likely at a stable range.

3.4 Cyclone averaged wind vs propagation speed: Cyclone averaged wind is one of the
important factors affecting the movements of TC. The environmental steering principle has been
applied to tropical cyclone track forecasting for nearly 100 years (Fujiwhara S et al., 1919; Bowie
et al., 1922). In other words, a tropical cyclone tends to follow the large-scale flow in which it is
embedded. The conventional steering generally plays a dominant role in tropical cyclone motion
since the contributions from other processes are largely canceled out due to the coherent structure
of tropical cyclone circulation (Wu, L. and Chen, X, et al. 2016). To study possible components
effect to the TC track, Wmax is not enough, because each Wmax data point is a point near the
storm center for each 6-hourly instance cyclone. A point of wind speed may not be sufficient
enough to affect the TC track’s propagation compared to the area of large-scale atmospheric flow.
Therefore, we apply area sensitivity analysis and test the correlation between propagation speed
and cyclone averaged wind speed with different sizes at different levels of the atmosphere. In Fig.
4.6, we only show the results of WSPD700 as an example of the size analysis 150 km to 600 km.
After testing with all different level winds, we conclude that cyclone averaged wind WSPD700
with an area of fixed radius 150 km (r150) away from the center has the highest correlation to the
propagation speed compared to another atmospheric level of cyclone averaged wind (Fig. 4.7).

15

All results agree that increasing the size of cyclone averaged wind will tend to decrease the
correlation between cyclone averaged wind and propagation speed.

3.5 TC displacement angle: TC trajectories are determined by mid-tropospheric circulation
patterns and planetary vorticity that induces a poleward drift (Hall et al., 2019，Holland G et al.,
1983). We want to understand if there are some possible factors causing the slowdown of
propagation speed, one of our hypotheses is the track behavior. Stalling TC is likely to have lower
propagation speed, while stalling TC creates a greater angle deviation between two successive
instance cyclones (Hall et al., 2019). To aid the study of cyclone propagation, we apply the
displacement angle method to compute the annual-mean 6-hourly rate of displacement angle and
then average along the entire cycle for each individual TC (Fig. 4.8c). The linear regression line
shows an increasing trend, which means that the trend is significant at a two-sided 95% confidence
level with a p-value 0.0102. Since, displacement angle describes the strength of “wiggling” of the
TC track or how much greater the angle deviation is when a cyclone changes its position from one
to another. To confirm this analysis, we plot and show the TC tracks on the map to visually
examine the wiggling TC events for comparison. (Fig. 4.8a, Fig. 4.8b) These two results are the
map plot generated from the displacement angle mean, extracting the TC tracks for the top 50 and
bottom 50 events. Top 50 most wiggling TCs shows most of the tracks take place at a higher
latitude and like to stall, while Top 50 least wiggling TCs describes most of the TCs are in the
lower latitude and the TC tracks do not show the characteristics of stalls. For further analysis, since
the annual mean of the propagation speed of TC shows a decreasing trend while the annual mean
of displacement angle shows an increasing trend; we test the correlation between these two
variables in Fig. 4.10. The correlation here describes there is a negative relationship between
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propagation speed and displacement angle with correlation coefficient(r) equal to -0.4012. This
analysis shows that the slowdown of propagation speed can be related to wiggling TCs; however,
there may be additional components causing the decreasing feature of propagation. The slowdown
of TCs cannot be fully explained by a change in the frequency of wiggling TCs.

3.6 Separating TC tracks: After testing correlation to propagation speed with different levels of
cyclone averaged wind, we conclude that wind speed at 700-hPa (WSPD700) has the highest
correlation. In addition to that, we want to study which part of the track has the highest correlation
between propagation speed and the cyclone averaged wind. Hence, we cut the TC tracks into two
directions for westward and eastward, then test for their correlation. Before cutting the TC tracks,
we need to consider that some of the TCs have abnormal tracks and they are harder to separate
into two westward or eastward directions. Therefore, we first filter out the top 10% most wiggling
TC tracks according to the TC displacement angle profile in Fig. 4.9, and then apply the separating
TC tracks method to separate the tracks that move westward and eastward. Result shows the
visualization map plot of North Atlantic tropical cyclone tracks and the separation to Westward
tracks and Eastward tracks. (Fig. 4.11) After that, we also apply the same correlation analysis
between propagation speed and cyclone averaged wind to examine the comparison between these
two groups of track data. Results in Fig. 4.12 show that eastward tracks have a higher correlation
compared to westward tracks for propagation speed versus WSPD700. With the same method
applied to all other different levels of cyclone averaged wind, all the results agree that cyclone
averaged wind for eastward tracks are better correlated with propagation speed with a size of radius
150 km away from the center (Fig. 4.14). According to Fig. 4.14, the correlation coefficient is
ranked in WSPD500, followed by WSPD700, WSPD300, WSPD925 and WSPD10. What's more,
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as we increase the area of cyclone averaged wind within the center from radii 150 km to 600 km,
correlation tends to decrease as well. This response confirms again that the area cyclone averaged
wind at a radius 150 km away from the center has the best correlation than any other size.

4. Figures

Fig. 4.1 | Time series of annual mean of each cyclone track’s peak surface wind speed (Wmax)
for Tropical Cyclones in the North Atlantic and linear regression trend. The period of this time
series is 1950-2015. The red trend line is the linear regression line while the dashed lines are the
95% confidence bounds of the trend. Each data point represents the mean of the peak of the
individual entire life cycle. Panel a examines the trend analysis from years 1950 to 2015, while
Panel b examines the trend analysis from the years 1950 to 1970 and 1970 to 2020.
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Fig. 4.2 | Comparison between our best track (HURDAT2) data to the National Hurricane Center
(NHC) for TC 1964 and 1968. Fig 4.2a and Fig 4.2b are TC tracks for 1964 and 1968 obtained
from NHC.
https://www.nhc.noaa.gov/data/tracks/tracks-at-1964.png
https://www.nhc.noaa.gov/data/tracks/tracks-at-1968.png

Fig 4.2c and Fig 4.2d are TC tracks for 1964 and 1968 generated from the HURDAT2 best track
dataset. Red lines represent the tracks of the hurricane while blues lines represent tracks of the
tropical storm.
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a

b

c

Fig. 4.3 | Analysis of Wmax versus winds above the surface. Correlation of Wmax and cycloneaveraged wind speed at different atmospheric levels (10m (panel a), and the 925-hPa and 700hPa pressure levels (panel b and c, respectively). The cyclone-averaged wind speed is calculated
using all points within 150 km of each cyclone’s center, each data point in this plot is the
maximum Wmax and its cyclone-averaged wind speed of the entire track. The correlation
coefficient for Fig. 4.3a is 0.3018. Respectively, Fig. 4.3b has correlation coefficient 0.2298; Fig.
4.3c has correlation coefficient 0.1847.
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Fig. 4.4 | Time series of annual mean North Atlantic tropical cyclone propagation speed and the
linear trend. The period of this time series is 1950-2015. Each data point in the plot is the annual
mean of all averaged cyclones tracks propagation speed. The red trend line is the linear
regression line, while the dashed lines are the 95% confidence bounds of the trend.

Fig. 4.5 | Correlation of propagation speed versus Wmax wind speed. The correlation coefficient
for this result is 0.064. Each data point is the Wmax at the 6-hourly cyclone and propagation
between two successive cyclones.
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Fig. 4.6 | Sensitivity analysis for the size of the averaging radius. Correlation of propagation
speed and cyclone averaged wind speed (WSPD700) at different fixed radius away from the TC
center. The correlation coefficient for Fig. 4.6a at r150 is 0.6841. Respectively, Fig. 4.6b has
correlation coefficient 0.5339; Fig.4.6c has correlation coefficient 0.5138 and Fig. 4.6d has a
correlation coefficient of 0.5541. These points are cyclone-track averages, i.e., each point
represents the average over the entire track life cycle.
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Fig. 4.7 | Correlation coefficients of propagation speed versus cyclone averaged wind speed at
different atmospheric levels with radius 150 km away from the center.

Fig. 4.8a | Map Plot of top 50 displacement angles for North Atlantic tropical cyclones 19502015.
Fig. 4.8b | North Atlantic bottom 50 displacement angles tropical cyclones 1950-2015.
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Fig. 4.8c | Time series of annual mean displacement angle and linear regression trend for North
Atlantic tropical cyclones. The period of this time series is 1950-2015. The red trend line is the
linear regression line, while the dashed lines are the 95% confidence bounds of the trend. Each
data point represents the average per cyclone tracks for all displacement angles at a given year.
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Fig. 4.9 | Displacement angle(wiggling) profile for North Atlantic tropical cyclones 1950-2015.
Each data point represents the average displacement angle of the entire TC track.

Fig. 4.10 | Correlation of cyclone track averaged propagation speed versus cyclone track
averaged displacement angle. The red trend line is the linear regression line while the dashed
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lines are the 95% confidence bounds of the trend. The correlation coefficient is -0.4012. Each
data point represents the averages per cyclone tracks for all displacement angle and propagation
speed.

Fig. 4.11 | Map plot of North Atlantic tropical cyclones tracks and the separation to Westward
tracks and Eastward tracks.
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Fig. 4.12 | Correlation of propagation speed and cyclone averaged wind speed WSPD700 for
both westward and eastward. Each point is an average per cyclone track for all points when the
storm is moving westward or eastward. The panel on the left describes the westward result with a
correlation coefficient r=0.4827 while the right panel describes the eastward result with a
correlation coefficient r=0.7823.
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Fig. 4.13 | Scatter plot of propagation speed versus Wmax for westward and eastward cyclone
tracks. Each data point is the Wmax at the 6-hourly cyclone and propagation between two
successive cyclones. The orange color data point describes the correlation for westward-cyclones
while the blue color data point describes the eastward-cyclones.

Fig. 4.14 | Westward vs Eastward: Correlation coefficients of propagation speed versus cyclone
averaged wind speed at all different atmospheric levels (10m, 925-hPa,700-hPa,500-hPa and
300-hPa) with radius 150 away from the center. Westward tracks are in color red while eastward
tracks are in blue.
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5. Discussion
For the data section, we use ERA-Interim to replace ERA-20C for the year 1979 and after. We do
it because ERA-Interim started in 1979, but with higher quality than ERA-20C because it
assimilates more observations. This reanalysis data provides the background information of the
TC that HURDAT2 may not have such as the background steering wind (cyclone averaged wind).
For the size of a cyclone averaged wind, we cannot get lower than 150 km radius due to limitations
of resolution. The result from Fig. 4.3 shows that the Wmax and WSPD10m has the highest
correlation compared to any other cyclone averaged wind, this is partly due to Wmax and cyclone
averaged wind both are at 10 meters above the surface. However, the correlation coefficient is not
as strong as expected (r=0.3018), this reveals a concern that the reanalysis may not do good jobs
on cyclone tracks or the size of cyclone averaged wind matters when it is compared to a point
measurement Wmax. The trend of the annual mean of Wmax may not be fully examined due to a
lack of long reliable data (Weinkle et al., 2012, Vecchi, G et al., 2011, Kossin, J. P. et al. 2017,
Yamaguchi M. et al, 2020). Therefore, separating the time series based on the pre-satellite era
(1950-1970) and post-satellite era (1970-2015) show different perspectives on this trend analysis,
where there is a lack of consistency in the data due to the advent of satellite technology in the
1970s. Although our trend study on propagation speed agrees with Kossin’s result, the significance
of the trend is statistically lower. In Kossin et al (2018), the p-value for overall North Atlantic TC
propagation speed is 0.20 while our p-value is 0.28. This issue is partly due to the fact that we
removed tropical depression from our data and keep the extratropical transition, while Kossin
separated the propagation speed trend into over land and over ocean where over land has a
profound decreasing trend (Kossin et al., 2018). For the analysis of the correlation between
propagation speed and displacement angle, we need to conduct further studies because the
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correlation coefficient (r= -0.40) implies that the slowdown of TCs cannot be fully explained by a
change in the frequency of wiggling TCs.

6. Conclusion
Overall, this research paper provides a confirmation of trend study on the time series for other
research have done for both intensity and propagation speed between 1950 and 2015 (Elsner, J et
al., 2008, Landsea et al., 1996, Kossin et al., 2019). For new contributions, a new metric is
developed to study the movement of cyclones: the displacement angle analysis of cyclone paths.
In addition, we test out what level of horizontal wind with the size that has the highest correlation
to TC propagation speed. The result shows that the cyclone averaged wind in pressure level 700hPa with a size of 150 km radius from the storm center has the highest correlation. Furthermore,
TC eastward tracks are more correlated between propagation speed and cyclone averaged wind
compare to westward tracks.

1.

The trend analysis on the time series of Wmax depends on the detection of cyclone tracks,
where the pre-satellite era (before 1970) has a decreasing slope while the post-satellite era
(after 1970) has an increasing slope. When comparing Wmax to propagation speed, it does
not show a linear pattern, which implies that slower TCs are not necessarily the most
intense, we need further research study on this.

2.

The annual mean of propagation speed shows a decreasing slope with p-value 0.28, agrees
with Kossin et al. (2018) but in a less significant way (see discussion).

3.

Displacement angle analysis shows that there is a positive trend on the time series of TC

30

from 1950-2015 (p-value=0.01). The trend is significant due to the high frequency of the
top 10% wiggling TCs in the recent decade.
4.

There is a strong correlation (r=0.684) between propagation speed and cyclone averaged
wind at 700-hPa, especially for TC tracks that move in the eastward direction (r=0.7823).

5.

Correlation between propagation speed and cyclone averaged wind at different
atmospheric levels shows that there is a higher correlation between cyclone averaged wind
to propagation speed when the track moves eastward than westward.

7.

Future Work
When compared to extratropical cyclones, hurricanes are more likely to cause some of the
strongest storm surge events in the Mid-Atlantic and Northeast Coast of the United States.
(Booth et al., 2019) We are looking forward into how propagation speed may affect tropical
cyclone hazards in terms of storm surge. Our hypothesis is whether the slower or faster
propagation speed have more potential impact on storm surge. The analysis will be applied
to storm surge event and tropical cyclone that is closest to the event. In addition, we also
want to study which variable have correlation with the storm surge impact in terms of Wmax,
cyclone averaged wind and propagation speed.
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